Introduction
N eural stem cells in the postnatal subventricular zone (SVZ) consist of diverse progenitor populations capable of giving rise to different neuronal subtypes depending on their position of origin [1] . However, the mechanisms that regulate this diversity remain unclear. Studies from neuronal fate specification within the embryonic spinal cord demonstrate that neuronal identity and diversification of neural progenitor cells is dependent on the position along the anteroposterior (A/P) and dorsoventral (D/V) axis [2] . A recent study in embryonic stem (ES) cells demonstrated that positional identity present in the ES-derived cell also determines subtype specification, and that altering the positional identity leads to corresponding changes in motor neuron subtype [3] . These studies suggest that the source of neural progenitor cells and its inherent positional code is a critical factor for generation of the desired neuronal subtypes. Whether all neural progenitor cells in the adult central nervous system (CNS) harbor such diversity and positional identity remains to be determined.
In the adult spinal cord, endogenous progenitor cells are distributed along the ependymal layer lining the central canal and from glial progenitors in the parenchyma of the spinal cord [4] [5] [6] . These cells can provide a source of repair during injury conditions. Genetic labeling studies using FoxJ1-Cre and Nestin-Cre mice pinpointed that spinal cord progenitor cells (SCPCs) originate from the ependymal layer cells surrounding the central canal [7] . In the intact spinal cord, SCPCs can self-renew or differentiate into astrocytes and oligodendrocytes, but rarely into neurons [4] . Under injury conditions, endogenous progenitor cells are induced to proliferate under the influence of cytokines and subsequently differentiate to astrocytes and oligodendrocytes [8, 9] . Nevertheless, endogenous SCPCs rarely generate neurons in either the intact or injured spinal cord and appear to have limited contribution to regeneration after spinal cord injury [4, [8] [9] [10] [11] . However, while SCPCs are not neurogenic in their native niche, they can give rise to neurons in vitro when expanded with growth factors [12, 13] or when transplanted into the neurogenic hippocampus [14] . These studies demonstrate the multipotency of endogenous SCPCs, and that environmental cues can influence their neurogenic potential. Despite several efforts [16] , there is a lack of knowledge about the molecular mechanisms controlling neurogenesis of endogenous SCPCs.
During development, patterning of the spinal cord occurs under the influence of multiple transcriptional networks and inductive cues along the D/V and A/P axis. Retinoic acid (RA), in addition to being an inductive cue, is also essential for adult neurogenesis [15] . RA regulates multiple aspects of neurogenesis in the postnatal forebrain SVZ, including neural progenitor proliferation and migration of neuroblasts into the olfactory bulb [16] , and is commonly used in in vitro differentiation protocols to generate neurons from ES cells and neural stem cells [16] [17] [18] .
Since understanding the basic properties of endogenous SCPCs is key to their utilization for regenerative repair, we sought to define the cellular and molecular properties of SCPC subpopulations along the A/P axis. In this study, we show that there are distinct neural progenitor cell populations along the A/P axis of the adult mouse spinal cord that display distinct positional identity conferred by specific Hox gene signatures. Furthermore, we found that RA signaling led to an increase in neurogenesis in cervical-but not lumbar-derived progenitor cells. We found that this differential responsiveness was due to the high expression of the RA degradative enzyme Cyp26b1 in lumbar progenitor cells. Inhibition of Cyb26b1 in turn led to increased RA-induced neurogenesis. Our findings have important implications for devising novel strategies for manipulation of endogenous spinal cord progenitor cells in repair of spinal cord related disorders.
Materials and Methods

Spinal cord progenitor cell isolation and culture
Spinal cords of 6-to 8-week-old C57B6 mice (Laboratory Animal Unit, The University of Hong Kong) were used for SCPC isolation. All procedures on animals were approved by the Animal Ethics Committee of The University of Hong Kong. Spinal cord tissue was harvested from cervical (C1-C6), mid-thoracic (T4-T9), and lumbar (L1-L6) regions, and progenitor cell isolation was performed as previously described [12] . Briefly, tissues were placed in artificial cerebrospinal fluid containing 124 mM NaCl, 5 mM KCl, 1.3 mM MgCl 2 , 2 mM CaCl 2 , 26 mM NaHCO 3 , and 10 mM D-glucose, pH 7.4. The tissue was cut into smaller pieces and digested in enzyme mixture containing 1.33 mg/mL trypsin, 0.67 mg/ mL hyaluronidase, and 0.2 mg/mL kynurenic acid (SigmaAldrich) for 30 min at 37°C. Cells were dissociated mechanically and resuspended in Dulbecco's modified Eagle medium/F-12 medium (Invitrogen). Dissociated cell suspension was spun down, resuspended, and filtered through a 40-mm nylon mesh (Becton Dickinson). The pellet was washed twice with phosphate buffered saline (PBS) and cultured as free-floating spheres at a plating density of 5,000-10,000 cells/mL. Cells were cultured in standard neural stem cell (NSC) medium containing B27, basic fibroblast growth factor (bFGF), and epidermal growth factor (EGF) (20 ng/ mL) (Invitrogen). Primary neurospheres were detected after 7-8 days in vitro. Growth factors were added twice per week. For neurosphere passaging, spheres were spun down, dissociated with mechanical trituration in 0.5 · TrypLE (Invitrogen), and cultured in NSC medium at 10,000 cells/mL for the generation of secondary spheres.
For differentiation experiments, secondary spheres were dissociated and resuspended in neurobasal medium (Invitrogen) supplemented with B27 and 5% fetal bovine serum (FBS), without bFGF and EGF. Dissociated cells were plated onto poly-l-ornithine/laminin-coated (Sigma-Aldrich) LabTek 8-well chamber slides (Nalge-Nunc International) for 5 days. For experiments with retinoic acid, 1.0 mM RA or dimethyl sulfoxide (DMSO) (Sigma-Aldrich) as control was added to neurobasal medium supplemented with B27 and without bFGF and EGF. In experiments assessing neuronal proliferation, 10 mM 5¢bromo-2¢deoxyuridine (BrdU) was added to the differentiation medium.
For Cyp26b1 inhibition experiments, 1 mM of talarozole (also known as R115866 [19] , Hangzhou Onicon Chemical Co.) was added to the neurosphere culture 2 days prior to differentiation. Talarozole was freshly added each day in the presence or absence of 1 mM RA during differentiation.
Immunostaining
Cells were fixed in freshly prepared 4% neutral buffered paraformaldehyde (PFA) for 15 min at room temperature. After blocking and permeabilization in PBS containing 5% horse serum/0.25% Triton-X100 for 30 min, cells were incubated in antibodies recognizing bIII-tubulin (1:400, mouse monoclonal, Covance), glial fibrillary acidic protein (GFAP) (1:1,000, rabbit polyclonal, DAKO Corporation), O4 (1:500, mouse monoclonal, Chemicon), and BrdU (1:100, rat monoclonal, Abcam). For Cyb26b1 immunostaining, neurospheres were spun onto SuperFrost-Plus slides (Thermo Fisher Scientific) using Cytospin 2 cytocentrifuge (Shandon). After fixation and permeabilization as above, neurospheres were incubated with Cyp26b1 antibody (1:200, mouse monoclonal, Abnova). After PBS washes, samples were stained with secondary antibodies [1:400 Alexafluor 488 donkey anti-mouse immunoglobin G (IgG) conjugate or Alexafluor 594 donkey anti-rabbit IgG conjugate, Invitrogen]. For double staining with BrdU, the cells were first stained with primary and secondary antibodies. Subsequently, cells were treated with 2N HCl for 15 min at room temperature and incubated with anti-BrdU antibody. Subsequent to nuclear counterstaining with 4¢6¢ diamidino-2-phenylindole dihydrochloride (DAPI, 1:1,000, Sigma-Aldrich), samples were mounted with Fluromount-G (Southern Biotech).
Quantitative analysis
The number of differentiated cells was determined by counting the number of immunopositive cells as a percentage of total DAPI-positive nuclei in 10 random fields. Fluorescent cells were examined using Olympus BX51 fluorescent microscope.
Reverse transcriptase polymerase chain reaction and quantitative polymerase chain reaction Secondary neurospheres were harvested for mRNA isolation using RNeasy RNA isolation kit (Qiagen). One microgram of RNA was reverse transcribed with oligo-dT and Superscript III reverse transcriptase (Invitrogen) according to manufacturer's protocol. The generated cDNA was used for semi-quantitative reverse transcriptase polymerase-chain CYP26B1 MEDIATES ADULT SPINAL CORD PROGENITOR NEUROGENICITYreaction (RT-PCR) using specific primers (Supplementary  Table S1 ; Supplementary Data are available online at www.liebertonline.com/scd). PCR products were analyzed with 2% agarose gel.
For quantitative analysis, quantitative PCR (qPCR) was performed in triplicate with a StepOnePlus real-time PCR system (Applied Biosystems). PCR reaction mixtures containing cDNA template, specific primers, and Power SYBR Green (Applied Biosystems) in a final volume of 25 mL was amplified with 40 cycles of 95°C for15 s and 60°C for 60 s. Melting curve analysis was performed to ensure the absence of non-specific products. Relative quantitation was carried out using the comparative CT method. A list of specific primers is provided in Supplementary Table 1 .
Statistical analysis
All data are represented as mean -standard error of the mean and were analyzed using paired Student's t-test. Pvalues < 0.05 were considered to be statistically significant.
Results
Adult spinal cord progenitor cells along the A/P axis have distinct cellular properties
To determine the properties of neural progenitor cell populations along the A/P axis of the adult spinal cord, we isolated progenitor cells from 3 anatomical regions of the mouse spinal cord: cervical (C3-C7), mid-thoracic (T4-T9), and lumbosacral (L1-L6). We examined their neural progenitor cell characteristics first by expression analysis of neural stem cell markers performed on neurospheres derived from each of the 3 anatomic regions. Each of the 3 SCPC populations expressed genes associated with adult neural progenitor cells-Nestin, Sox2, Musashi-1, and Pax6-to a similar degree (Fig. 1A, left ). This expression pattern was maintained through to the 10th passage (which was the duration of our experiment), indicating a maintenance of neural stem cell character through multiple rounds of cell division (Fig. 1A, right) . To examine their cell properties in vitro, we assessed neurosphere formation ability, self-renewal capacity, and differentiation potential. Cells in the neurosphere were positive for Sox2 and Nestin (Fig. 1C) . We found that significantly more neurospheres were derived from the lumbar region compared with cervical and thoracic regions (8.58 -3.93 in lumbar, 1.20 -1.27 in cervical, and 1.51 -0.56 in thoracic regions; P < 0.05, n = 4) (Fig. 1D ). This suggests that a higher number of progenitor cells were present in the lumbar region. Primary spheres from each of the 3 regions did not appear to differ in their ability to form secondary spheres (data not shown).
We assessed the 3 SCPC populations for their differentiation capacity under spontaneous differentiation conditions without bFGF and EGF and in the presence of 5% FBS. Neural progenitor cells derived from each of the 3 regions were multipotent, capable of giving rise to differentiated bIII-tubulin + neurons, GFAP + astrocytes, and O4 + oligodendrocytes (Fig. 1B) , with the neurosphere cultures differentiating predominantly into astrocytes. However, though the cells were multipotent, SCPCs from different regions exhibited differences in neurogenicity (Fig. 1E) . We observed a 2-fold higher number of neurons derived from lumbosacral-derived progenitor cells compared with cervical or thoracic-derived cells (3.8% -1.03 in lumbar, 1.66% -1.01 in cervical, and 1.9% -0.98 in thoracic; P < 0.05, n = 4), indicating differences in neuronal commitment between the cell populations. Our results indicate that progenitor cell populations isolated from different spatial regions of the spinal cord exhibit differences in progenitor cell properties.
Adult SCPCs retain positional identity
During development, the A/P axis of the spinal cord is encoded by the expression of combinatorial Hox genes, which determines the positional identity and consequently the patterning and neuronal subtype specification of cells within the spinal cord tissue. In order to determine whether adult SCPCs along the length of the spinal cord preserved A/P identity, we examined region-specific Hox gene expression profile by semi-quantitative RT-PCR. Secondary neurospheres derived from cervical, mid-thoracic, and lumbar regions were examined for their expression of regionspecific Hox genes (Fig. 2, left) . We found that neurospheres from each anatomical region coexpressed a distinct combination of Hox genes, and successively more 5¢ genes within a cluster were expressed more posteriorly. All 3 regions expressed Hoxc4, consistent with its expression in discrete segments of the neural tube [20] . Cervical progenitor cells expressed the anterior Hox genes Hoxc5 and Hoxc6 at higher levels, with low expression of the posterior 5¢ Hox gene Hoxc10. Cervical and thoracic neurospheres did not express the posterior genes Hoxa11, Hoxc11, and Hoxc13. Thoracic progenitors had the highest expression of Hoxc8 and Hoxc9, genes associated with thoracic identity. Lumbar progenitor cells expressed high levels of Hox genes from the paralogous groups 11 and 13, and relatively lower levels of the anterior Hoxc5 and Hoxc6 genes. This pattern of expression corresponds well to the notion that 3¢ Hox paralogous groups are expressed by anterior cells, and 5¢ Hox paralogous groups are expressed by posterior-derived cells in the spinal cord. Therefore, a distinct combinatorial Hox code corresponding to the spatial region of the spinal cord persists in the adultderived spinal cord progenitor cells.
In order to determine whether the Hox signature expressed by SCPCs is maintained during prolonged culture conditions, we examined the expression of selected Hox genes in neurospheres that had been serially passaged at clonal density. We found that the expression of combinatorial Hox genes was unchanged through to the 10th passage (Fig. 2, center) , indicating that Hox gene expression was not altered by long-term culture conditions, and that the anteroposterior positional identity is stably maintained through multiple rounds of cell division.
Although the expression of Hox code is well established during embryonic development, it remains unclear whether this gene signature is preserved in the adult spinal cord tissue from which the progenitor cells were derived. To determine whether the Hox gene signature observed in the various spinal cord populations reflected the expression pattern in the adult, we examined the expression of selected Hox genes in adult spinal cord homogenates (Fig. 2, right) . We found that the adult cervical, thoracic and lumbosacral spinal cord also exhibited a distinct Hox gene expression pattern, and that this Hox expression profile was faithfully recapitulated in the neural progenitor cells derived from each region. 
CYP26B1 MEDIATES ADULT SPINAL CORD PROGENITOR NEUROGENICITY
Retinoic acid enhances neurogenesis in cervical-derived but not lumbar SCPCs
Since neurogenesis from SCPCs is difficult to achieve in vivo, we asked whether neurogenesis could be enhanced using niche factors. Retinoic acid is a well-established agent for inducing neurogenesis from ES cells and brain-derived NSCs [16, 17] , and therefore could potentially be effective in promoting neurogenesis in SCPCs. To this end, secondary neurospheres from cervical and lumbar regions were dissociated and differentiated in the presence of 1.0uM RA for 5 days, and neurons were immunostained with bIII-tubulin (Fig. 3C) . By quantitative analysis, we found that RA significantly increased the number of bIII-tubulin-positive neurons by approximately 2-fold (2.31 -0.59, P < 0.05, n = 3; Fig 3A) in cervical-derived SCPC populations. Surprisingly, no change in neuronal number in lumbar-derived progenitor cells was observed.
To determine whether RA-induced neurogenesis in cervical populations occurred through changes in neuronal cell commitment, or increase in neural progenitor cell proliferation or survival, we exposed cervical and lumbar SCPC cultures to BrdU throughout the culture period. We found that the number of BrdU and bIII-tubulin double-immunopositive neurons was increased by 2-fold in cervical SCPCs (12.05 -2.7 vs. 5.17 -1.8 for control; Fig. 3B ), accounting for the increase in neuronal differentiation observed. The total number of BrdU-positive cells remained the same in RA-treated cervical SCPC cultures, indicating that overall proliferation was not affected. Altogether, we demonstrate that RA enhances neuronal proliferation in cervical-derived SCPCs while lumbarderived cells remained unresponsive.
RA induces upregulation of anterior Hox genes, but overall Hox gene signature is unaffected
In addition to stimulating neurogenesis, RA acts as a positional cue for the patterning of the neural tube through the regulation of Hox genes. Therefore, we asked whether the neurogenic effects of RA might be due to changes in Hox gene signature of spinal cord progenitor cells. We examined the Hox gene signature using qPCR in cervical or lumbar neurospheres after treatment with 1.0 mM RA (Fig. 4) . While HoxA genes remained unchanged in either cervical or lumbar SCPCs, we found that the anterior Hoxc4 gene expression was increased by approximately 5-fold in cervical SCPCs after 1 day, but relatively unchanged in lumbar SCPCs. Hoxc5 expression was increased in both cervical and lumbar populations. Hoxc6, c8, c9, c10, c11, and c13 gene expression were unchanged in both cervical and lumbar populations. That is, the posterior genes Hoxa11, c11, and c13 remained absent in cervical SCPCs after RA treatment, indicating that cervical identity was maintained. This indicated that although retinoic acid could induce specific Hox gene upregulation, the overall Hox gene signature of the axial populations remained unchanged, suggesting that other mechanisms could be responsible for the lack of RA-induced neurogenesis observed in lumbar SCPCs.
Differential Cyp26b1 expression in SCPCs determines sensitivity to RA signaling
In order to determine the molecular basis for the differential response to RA observed in the different axial-derived SCPCs, we examined the expression of various retinoidsignaling components including RA receptors and metabolic enzymes by quantitative RT-PCR. Cervical and lumbar progenitor cell populations both expressed receptors associated with RA signaling, RAR-alpha, beta, and gamma and RXR-alpha, beta, and gamma to a similar degree (Fig. 5A) . However, compared to lumbar-derived spheres, we found a 4-fold lower expression of the P450 cytochrome oxidase 26b1 Cyp26b1, an enzyme which degrades RA into polar derivatives, in cervical spheres. Also, cervical cells had a 2-to 3-fold higher expression of the gene Raldh2, an enzyme involved in the conversion of retinaldehyde to RA. We also observed strong Cyp26b1 expression in lumbar spheres by immunostaining analysis (Fig. 5B) , while expression was absent in cervical-derived spheres. Our results suggest that Cyp26b1 is a determining factor in regulating RA signaling activation and neurogenesis in SCPCs.
Enhanced RA-induced neurogenic response in lumbar cells in the presence of Cyp26b1 inhibitor
In order to determine whether Cyp26b1 is indeed responsible for the lack of RA-mediated neurogenic response, we treated cells with the pharmacological agent talarozole (formerly R11866), a Cyp26b1 inhibitor that results in increased RA signaling in vivo [19] . The inhibitor was added to neurosphere cultures 2 days prior to neuronal differentiation to ensure minimal Cyp26b1 activity during differentiation. Cervical and lumbar cells were treated with 1 mM of talarozole for the entire experiment, cultured in the presence or absence of 1 mM RA during differentiation, followed by immunostaining and quantification of the number of bIIItubulin neuronal cells. In lumbar-derived cultures, we observed an approximately 1.5-fold increase in the number of bIII-tubulin-positive neurons in RA-treated lumbar cultures in the presence of talarozole compared with control cells (P < 0.05), indicating RA pathway activation in these cells. Our results demonstrate that RA-induced neurogenicity can be enhanced in lumbar-derived progenitor cells when Cyp26b1 activity is inhibited.
Discussion
Our study demonstrates that spinal cord progenitor cell populations along the anteroposterior length of the adult spinal cord are spatially defined populations characterized by distinctive regional-specific Hox profiles, indicating that regional specification is maintained from development to adulthood. Furthermore, we identified differential sensitivity to RA-enhanced neurogenesis among A/P progenitor populations, which was regulated by the RA metabolizing enzyme Cyp26b1. Our findings have important implications for utilizing signaling molecules to mobilize endogenous spinal cord progenitor cells in regenerative therapy.
We demonstrate here that the spatially diverse populations in the adult spinal cord display varying cellular and molecular properties. A higher neurosphere frequency was observed for cells derived from the lumbar region, suggesting more abundant progenitor cells in this region. Consistent with previous reports, in cells derived from the adult rat spinal cord [6] , lumbar-derived neurospheres had a higher propensity to differentiate toward neurons during spontaneous differentiation. It remains to be determined whether differences in behavior between anterior and posterior progenitor populations are due to the intrinsic property of
FIG. 4.
Retinoic acid treatment induces changes in Hox gene expression. Relative fold changes in Hox gene expression in cervical-derived (black bars) and lumbar-(white bars) derived neurospheres at 1 day of treatment with 1 mM RA as analyzed by qPCR. Each bar (mean -SEM) represents data normalized to DMSO-treated controls of the corresponding cell populations. Statistically significant higher expression of Hoxc4 (7.98 -2.29-fold) compared to untreated control (*P < 0.05) was observed for cervical cell populations, and Hoxc5 for both cervical (14.61 -5.08-fold) and lumbar (17.96 -2.43-fold) populations after 1.0 mM RA treatment. Dotted line is set at the value of 1. All data were normalized to GAPDH control. Bars represent means of at least 3 independent experiments (*P < 0.05, n = 3).
CYP26B1 MEDIATES ADULT SPINAL CORD PROGENITOR NEUROGENICITYlumbar cells themselves, or whether the neurosphere culture conditions favor the expansion and maintenance of stem cell character of lumbar progenitor cells.
Cells from different axial levels of the developing neural tube are patterned to have different cell-intrinsic regional identities, which specify distinct neuronal subtypes within the region. Embryonic and postnatal neural precursors derived from different brain regions have been shown to retain a region-specific gene expression profile reflecting their region of origin [21] [22] [23] [24] . Combinatorial Hox gene expression has also been demonstrated in embryonic spinal cord stem cells [25] , but it was unclear whether this was retained in the adult counterpart. We demonstrate here that combinatorial expression of Hox genes is present in progenitor cells derived from the adult spinal cord, indicating that positional identity is preserved. The presence of positional memory in adults has also been demonstrated in fibroblasts and mesenchymal cells isolated from different anatomic sites, and more recently in the adult vasculature, where cells are constantly being replenished in the tissue [26] [27] [28] . Here we show that positional identity is also present in slowly dividing adult neural progenitor cells from tissue that is not normally selfrenewing. The Hox signatures displayed by the axial progenitor cells are faithfully maintained during multiple passaging, indicating that these cells are intrinsically hard wired to express the genes appropriate to the region from which they were derived. Moreover, the presence of Hox gene expression profiles through multiple passaging suggests an active maintenance of the Hox code during progenitor cell proliferation.
In the postnatal SVZ, neural stem cells from different regions generate different neuronal subtypes [1] . Whether neuronal specification is a result of positional identity genes remains to be determined. In the adult dermis, it was demonstrated that the Hox code can serve as a source of positional memory to regulate region-specific patterning [29] . The importance of positional identity is also underscored in transplant studies, where a mismatch in positional identity between donor and recipient cells is responsible for aberrant bone repair [30] . The expression of Hox genes could convey information necessary for neuronal patterning and functional integration of neurons in the adult spinal cord. Indeed, a recent study demonstrated that ES cell-derived motor neurons, cultured to express a distinct set of Hox genes can differentiate into the corresponding neuronal subtype and innervate their proper targets when transplanted into the chick embryonic spinal cord [31] . Though SCPC-derived neurons are capable of integrating in the neural stem cell niche, specifically, with hippocampal granule neurons after transplantation into the dentate gyrus [14] , the inherent Hox code expressed by distinct endogenous SCPC populations could provide an advantage for the derivation and integration of subtype-specific motor neurons during spinal cord repair, and potentially, in muscle target connectivity [32] [33] [34] [35] . It would be interesting to determine whether specific motor neuron subtypes could be acquired through the introduction or alteration of Hox code in adult spinal cord progenitor cells. Further studies will be needed to determine which factors are required for the generation of subtype-specific neurons from adult SCPCs.
RA is involved in neural tube patterning, neuronal differentiation, and axon outgrowth [36] . In the adult dentate gyrus, RA continues to play a role during neuronal differentiation to maintain long-term synaptic plasticity [15] . In addition, RA and its precursor retinol have been demonstrated to enhance neurogenesis in adult NSC cultures and explants isolated from the SVZ [16] . However, the role of RA in progenitor cells derived from non-neurogenic zones has not been well studied. Here, we show that RA induces neurogenesis specifically in cervical-derived SCPC cultures, but not in lumbar cells. This increase in neurogenesis occurred through neural progenitor cell proliferation in cervical SCPC cultures, consistent with findings from adult SVZderived neural stem cells indicating a similar function of RA [16] . We found upregulation of Hoxc5 in both RA-treated cervical and lumbar cells, which may reflect the direct regulation of RA on Hoxc5 due to the presence of a conserved RA responsive element (RARE) in the promoter region of Hoxc5 [37] . It is possible that despite the degradative effects of Cyp26b1 in lumbar-derived cells, not all RA is purged from the cell, and that a minimal concentration of RA contributed to the upregulation observed. It is unclear whether Hoxc5 could play a direct role in enhancing specifically the neurogenicity of cervical progenitors, but neuronal differentiation was unaffected by strong Hoxc5 expression in lumbar progenitors. Nevertheless, the overall Hox gene signature remained unaltered, and cervical progenitors maintained an anterior identity. Expression of posterior genes (Hoxc10, c11, and c13) was unchanged in cervical cells, whereas expression of the anterior Hoxc4 gene was unaltered in lumbar cells. This indicates that in contrast to embryonic stem cells, where positional identity is readily altered by RA [18] , there is limited plasticity of the adult Hox code in SCPCs.
We identified that the RA-degrading enzyme Cyp26b1, absent in cervical SCPCs but expressed in lumbar SCPCs, regulates RA signaling in SCPC populations. During embryonic development, Cyp26 enzymes act to regulate RA signaling by degrading and therefore limiting the availability of RA in the cell. In zebrafish hindbrain, Cyp26b1 expression establishes non-neurogenic zones and inhibits neurogenesis by antagonizing RA signaling [38] . During embryonic development, Cyp26a1 is also expressed in the caudal region of the spinal cord and is responsible for protecting the caudal stem cell zone from the differentiating effects of RA. Cyp26b1 is expressed at specific levels of the upper and lower thoracic spinal cord, adjacent to the cervical and lumbar regions that express the RA synthesizing enzyme Raldh2 [39] . Our findings suggest that adult progenitor cells also display differential Cyp26b1 expression and consequently, similar RA signaling activity. We also found high expression of Raldh2 in cervical axial-derived cells. This enzyme acts upstream of RA and therefore is unlikely to contribute to differential signaling pathway activation in our RA-treated cultures. However, it further supports a physiological role for RA signaling in cervical progenitor cells. Conversely, low expression of Raldh2 in lumbar progenitor cells may reflect limited RA signaling in these cell populations. We further demonstrate that RA signaling could be effectively activated in lumbar-derived cultures by blocking Cyp26b1 activity. Inhibition of Cyp26b1 led to a mild but significant increase in neurogenesis in lumbar cultures, suggesting that the combination of RA and Cyp26b1 inhibitors can be a viable approach to stimulate neurogenesis in lumbar regions.
The differential RA responsiveness in spatial progenitor populations suggests that different growth factor regimens may be required for site-specific neuronal regeneration of endogenous SCPCs derived from distinct axial regions. Analogous to the differential RA sensitivity, it is likewise possible that these populations could display differential responsiveness to other niche signals such as FGF or EGF, factors required for the propagation of adult neural stem cell culture, which could also explain the differences in cellular behavior observed for anteroposterior populations. As previous studies on spinal cord progenitor cells were performed on multiple regions of the spinal cord, it would be necessary to reexamine their response to niche factors according to their anatomical origin. Our study implies that progenitor cells can be more efficiently mobilized by identifying the relevant combinations of niche factors. These findings have important implications for treating injury incurred at different axial levels, and provide a key step to the development of targeted neuronal replacement therapies based on the recruitment of endogenous cells.
